. However, from a maintenance and quality assurance/quality control (QA/QC) standpoint it suffers from a very detailed photomultiplier-tube gain matching regime. In an effort to upgrade and simplify the current beta-gamma coincident detector, Pacific Northwest National Laboratory (PNNL) has developed a simplified but equally effective well-type detector.
INTRODUCTION
Monitoring radioactive releases from nuclear explosions is a major component of the International Monitoring System of the Comprehensive-Nuclear-Test-Ban-Treaty [3] . As part of the international effort to develop monitoring equipment PNNL developed and deployed two automated units. The first system developed and currently deployed at over 30 locations is the Radionuclide Aerosol Sampler/Analyzer (RASA). This system collects airborne radioactive particulate debris on filters and counts the filters on a HPGe gamma-ray detector [4] . The second system is the ARSA which process whole air to collect and measure the radioxenon isotopes that are the tell-tale sign of nuclear fission. The signatures of several of the radioactive gas species that are collected by the ARSA have a number of beta-gamma or conversion electron (CE) and x-ray coincident signatures [5] .
In the original ARSA detector the photonic energy is measured in a low background NaI(Tl) detector and the charge particles are detected in a plastic scintillation gas cell (see figure 1 ). To achieve the best possible CE energy resolution the 5 cm long gas cell is viewed on either end by 15 mm photomultiplier tubes (PMT's), which are gained matched to provide optimal CE and beta energy resolution. Because the gas cell completely surrounds the radioactive sample it has close to 100% detection efficiency. There are some losses due to the low energy of ~5% of the beta's coming off of 133 Xe and 135 Xe and losses associated with light loss at the gas tube/cell interface. The NaI(Tl) detector has 4 transverse wells into which the gas cell assemblies fit. This provides close to complete coverage for the emission of gamma-rays and x-rays while still accommodating the 4 gas cells in a compact unit. The gamma-ray detector is a highly coupled assembly with two PMT's looking at a single half of NaI(Tl), i.e. a saddle well. The PMT's of each saddle need to be gain matched and then the two saddles are gain matched to yield a single well aligned gamma-ray spectrum with optimal resolution independent of Upper schematic is a representation of the plastic scintillation gas cell with photo-multiplier tubes, gas transfer line and calibration source transfer tube. The lower schematic is a diagram of the NaI(Tl) gamma detector. Plastic scintillator beta cells occupy the four holes in the NaI(Tl) detectors. These holes extend all the way through the detector. . Schematic of four well detectors with gas cells, inside of 1" lead cave. The second schematic is the redesigned gas cell with PMT and tube base. The cell extends 5.5 cm into the CsI(Na) wells to provide the same solid angle coverage as the ARSA gas cells. Co. Each peak was fit with a Gaussian using SigmaPlot© to determine the peak centroid and the peak width. the well position. The two independent NaI(Tl) crystals also allow for rejection of multiple scatter events that constitute an ambient background. These events can be high energy muons, or other charged particles (cosmic-rays), or high energy terrestrial gamma-rays from 238 U,
232
Th daughter decays or 40 K that interact in both NaI(Tl) crystals.
The overall nuclear detector design benefits from greater than 3.5π solid angle coverage for both types of nuclear emissions, adequate energy resolution, robust scintillation material for field use, and minimal attenuation of x-rays and low energy gammas. However, the number of PMT's and the ability of a technician to gain match them (either the gas cell PMT's or the gamma-ray NaI(Tl) saddle) was viewed as a serious drawback to the overall detector design. With this in mind, and several years of field experience, efforts were made to reduce the detector complexity while maintaining the already mentioned detection characteristics.
The new design uses a single well detector to detect the xrays and gamma-rays, along with a single PMT gas cell to detect the beta and CE emissions. This redesign accomplished several critical goals from the outset. It reduced the initial setup calibration efforts and each of the four gamma-ray detectors could be calibrated independently. Because each detector was separate from the others, poor energy or resolution response from a defective PMT has minimal impact on the other detectors. Finally the overall detection efficiency was improved as the solid angle of detection for the new well detectors is higher than the original saddle well NaI(Tl). To maintain the gas cell energy resolution a large PMT was used and a smaller gas cell with rounded ends was procured. The first diagram in figure 2 is a rendering of the complete 4 gas cell detector assembly with individual CsI(Na) wells, gas cells and surrounding copper and 2.5 cm thick lead cave. The close packing of the well detectors is to facilitate the rejection of cosmic-rays and ambient gamma-rays in the same fashion as the split saddle detector. The second diagram shows the internal layout of the gas cell and PMT with high-voltage tube base. The gas cell is 28 mm long by 18 mm in diameter with 2 mm thick plastic scintillation walls. A stepped plastic end cap closes the gas cell and a small hole is provided for a thin gas transfer tube/
II. MATERIAL STUDIES

A. Gamma-ray Detectors
With a simplified design in hand studies were performed to replicate and, if possible, enhance both the gamma-ray detector and the gas cell beta detector performance. In addition, investigations were made to replace the NaI(Tl) with a more robust scintillation material. Cesium-Iodide doped with Na or Tl were two obvious choices in terms of having comparable density, detection efficiency, energy resolution and light output and timing characteristics. Three identical detectors were procured, a NaI(Tl), a CsI(Tl) and a CsI(Na), differing only in the material [6] . The three well detectors were first compared for gamma energies, resolution and relative efficiency. The crystal sizes were a right cylinder 7.6 cm long by 8.13 cm in diameter, with a 3.1 cm wide by 5.1 cm deep well. The 7.5 cm diameter PMT's were optically matched to maximize the total response for the characteristic wavelength emission of each type of crystal. Initial studies included energy response linearity, energy resolution, and efficiency across a wide range of x-ray and gamma energies. Figure 3 shows the spectrum obtained with the CsI(Tl) using a multi-line gammaray standard from Amersham©. The peaks used in the energy calibrations are indicated. The linearity of the energy calibration was excellent for the three detectors, however the CsI detectors were markedly better across the entire range, see table I. The 137 Cs 661.7-keV peak was used to compare the resolution and efficiency for the three detectors.
As expected the NaI(Tl) had the best resolution of the three Cl with a beta end point energy of 1142-keV. The full energy is unlikely to be deposited because the 2 mm thick plastic stops < 450-keV electrons.
detectors due to the better optical matching of the PMT to the NaI(Tl) scintillation light emissions. The primary x-rays and gamma-rays of interest are at 30-keV, 80-keV and 250-keV, which have large enough energy separations that the CsI crystals were more than adequate for good resolving power between the peaks. Also expected is the increase in efficiency seen by the two CsI crystals as they have densities that are ~ 23% greater than NaI and the average electron density is ~20% greater. (see table II for the primary decay paths for each of the radioxenons). In order to achieve the require energy resolution from scintillating plastic the original gas cells used two PMT's looking at a small 1.5 cm x 5 cm right cylinder cell with 1.2 mm thick walls and end caps. Careful gain matching of the PMT's gave 25-30% resolution for 129-keV conversion electrons. A simplified gas cell that uses a single PMT would obviate any gain matching but had to achieve at least the 25-30% resolution of the original gas cell.
The material choices for the gas cells were limited to those materials that were non hygroscopic, had good charged particle energy resolution, robust in character and thin enough that the walls did not attenuate the 30-keV x-rays of 133 Xe, 131m
Xe and 133m
Xe. The ARSA detector employed BC-404 scintillating plastic shaped into hollow tubes with stepped end caps to complete a gas tight cell [6] . A new gas cell was procured that had slightly thicker walls and end cap, 2.0 mm rather than 1.2 mm, was shorter in length, 28 mm long rather than 50 mm, and one end was rounded to allow scattered light to be refocused back towards the single PMT. A larger PMT was used as well to facilitate more of the scintillation photons interacting with the central portion of tube where the conversion efficiency is higher. To further enhance the focusing of scattered light back towards the PMT the gas cell was wrapped in 2 layers of Teflon tape.
The effect of the Teflon tape can clearly be seen in figure 4 which shows the response of the plastic gas cell to a 36 Cl beta source. Several beta sources were used for this study and only the 36 Cl is shown to illustrate the additional light collection that the Teflon provides. An additional set of cells were purchased using Yttrium Aluminum Oxide Perovskite doped with Cerium {YAP(Ce)}. This material is an inorganic scintillator that has very good light output (comparable to NaI(Tl) or CsI(Na)) but is non-hygroscopic. The available cell wall thickness was 2.0 mm, which was too thick for the current application by a factor of 4 (YAP density is 5.55 g/cm 3 ). The 2.0 mm thick YAP cells responded well to both betas and low energy x-rays alike.
III. BETA-GAMMA COINCIDENCE MEASUREMENTS
Using the new gas cell and three well detectors it was now possible to perform two tests. The first test uses Compton scattering of the 662-keV peak from 137 Cs to generate betagamma coincidences in the detector, see reference 8 for an indepth description of the technique. The second technique uses well-aged radioxenon from a commercial medical isotope
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CsI ( Xe, the metastable is a contaminate at very low relative levels compared to the 133 Xe after several months the metastable has decayed much less and is therefore more abundant and easily discernable in the mixed source. The initial source strength (174 MBq) is far too high to use and aging has the effect of decreasing the 133 Xe activity down to useable levels. A second radioactive gas, 222 Rn, can be used as well. The two daughter products 214 Pb and 214 Bi both have strong beta-gamma coincidence signatures that are readily detected in either of the detectors. The use of 222 Rn will not be discussed in this paper but has been discussed in previous works [9] .
A. Compton Scattering Technique using 137 Cs
The use of Compton scattering of gamma-rays is a very successfully technique and provides a method of beta-energy and energy resolution calibration that can be done quickly and in the case of the ARSA system automatically and remotely. It provides a reliable method to compare detector response over a period of weeks, months or even years. Gain shifts in PMT and relative efficiency declines can be measured and tracked to provide a rigorous quality assurance and quality control regime. The technique also benefits from more direct measurements using beta sources because the gamma-rays illuminate the entire gas cell whereas beta sources typically illuminate only the material directly in front. The position for beta or CE sources can then give very different detector responses depending on how accurately the source is positioned from one insertion to the next.
It was decided the single 662-keV gamma line from 137 Cs, (more accurately from the 137m Ba daughter) was a suitable gamma energy. From the Compton scattering equation then the endpoint energy of maximum energy transfer is 477-keV to the scattered electron. Within the beta-gamma coincidence plane all electron energies from 0 to 477-keV would be populated. Figure 5 is a 2-dimensional beta-gamma histogram that clearly shows the Compton electrons that are scattered in the plastic of the gas cell and scattered gamma-ray. The diagonal line is along constant energy when the gamma energy is added to the beta energy:
This correlation gives the beta energy scale when the gamma energy scale calculated using the Amersham© source. It also allows the determination of the beta energy resolution from ~ 15 keV all the way up to 477-keV. Figure 7 shows the results of this analysis for the Compton scattered equivalent CE energies of 131m Xe and 133m Xe as well as the Compton scattering endpoint. The fit of the Gaussian peaks along the constant energy line is an indication of how linear the detector response is. In the ARSA gas cell comparable linearity was achieved only by tedious and time consuming PMT matching and using taking the geometric sum of the response of the two PMT's.
The overlap between the 129-keV and 199-keV peaks is ~10%. While it is possible to determine through peak fitting routines the counts in each of these peaks it would be beneficial if this overlap was reduced further. The beta energy resolution for the new detector using one PMT is equivalent to the ARSA detector using two. The there is no loss of detector performance. As an aside, if the YAP(Ce) cells could be made to the required thickness of 0.5 mm there would be a significant improvement in the resolving power of the gas cells comparable to that obtained with CsI(Na) or NaI(Tl).
B. Radioxenon R esponse
The use of aged medical 133 Xe gives a direct measure of the beta energy and resolution as well as providing the complete response of the beta-gamma coincidence detector. Figure 7 shows the 2-dimensional beta-gamma coincidence spectrum that was obtained after injecting a well aged 133 Xe sample with Projection to gamma axis Figure 7 . This plot shows the 2-dimensional beta-gamma coincidence histogram of a 133 Xe plus 131m Xe gas the two regions for 133 Xe are highlighted and the 131m Xe shows up as a dark spot in the x-ray region. The inset shows the projection of the data to the gamma-axis and indicates the excellent separation between the x-ray and gamma-ray response.
131m Xe conversion electron 133 Xe beta distribution 131m Xe conversion electron 133 Xe beta distribution Figure 8 . The projection of the two regions marked above are indicated above. The gamma-ray region is a pure 133 Xe beta distribution with no CE interferences. The x-ray region has two CE, one at 45-keV for the 133 Xe (small peak) and the more prominent CE is centered at 129-keV and is from the decay of 131m Xe. The resolution of this peak is 0.248 ± 0.031, which is in good agreement with the ARSA detector.
30-keV x-ray region. The inset shows the projection of the data to the gamma-axis and indicates the excellent separation between the x-ray and gamma-ray response. The 30-keV x-rays of the 133 Xe and the 131m Xe are indistinguishable along this axis and show the power of using the beta energy and CE energy in coincidence. Figure 8 shows the projection of the two regions on the beta axis. The 80-keV region is a pure 133 Xe beta distribution with no CE interferences. The x-ray region has two CE, one at 45-keV for the 133 Xe (small peak) and the more prominent CE is centered at 129-keV and is from the decay of 131m Xe. The resolution of this peak is 0.248 ± 0.031, which is in very good agreement with the ARSA detector.
Summary
Of the three well detectors it was determined that the CsI(Na) was the optimal replacement, because it has good mechanical properties and better efficiency than the NaI(Tl). It also has a time decay constant that is closer to that of NaI(Tl) than the longer CsI(Tl) and so has less impact on the readout electronics. The real benefit is not so much the new scintillation material as it is the new geometry. Likewise, the gas cell redesign allowed comparable results in linear energy response and resolution using only one PMT. Over all the energy calibration time has been reduced to minutes rather than days and can now be done using automated operation and analysis routines. The impact if one of the PMT's, a readout channel or crystals goes bad is limited to a single detector as opposed to all four detectors.
Future studies that are needed before a true replacement detector can be fielded in the ARSA units are the cosmic veto shielding afforded a close pack detector configuration and an extended period of running under field conditions. The new detector design is much easier to calibrate and allows infield replacement of a single unit. Initial studies indicated that the well design maintains both radioxenon detection efficiency and gamma-ray energy resolution. Furthermore, the design is has the potential to be an excellent replacement beta-gamma coincidence detector system for fielded ARSA systems
